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TESTS OF JOINTS IN WIDE PLATES
I. INTRODUCTION
1. Object and Scope of Investigation.-The object of the investi-
gation was to determine the efficiency of various types of joints in
wide plates as used in the construction of storage tanks for water and
oil. The investigation included tests of: (1) riveted lap and butt
joints; (2) joints for which the holes were drilled and others for which
they were punched; (3) joints with rivets in single shear and others
with rivets in double shear; (4) welded joints, both lap and butt;
(5) joints having rivets supplemented with welds; and (6) wide plates
containing no joints. The section of the plates varied from 40 in. x
% in. and 201% in. x 1 in. to 72 in. x %8 in. In addition to determin-
ing the ultimate strength of the specimens, measurements were taken
to determine variations in strain in the plate along the seam and,
in the case of riveted joints, to determine the slip of the rivets at
various points. The physical properties of the material from which
the joints were made were determined from standard tension tests of
pieces cut from the plates used in making the specimens. Rivets
taken from the same lot as the ones used in making the specimens
were tested as individual rivets, some in single and others in
double shear.
2. Acknowledgments.-This investigation is a part of the work of
the Engineering Experiment Station of the University of Illinois,
of which Dean M. S. KETCHUM is the director, and the Department
of Civil Engineering, of which Professor W. C. HUNTINGTON is the
head. The work was financed by the CHICAGO BRIDGE AND IRON
WORKS, who furnished the specimens and provided funds from which
to pay the direct expenses.
The work was done in consultation with an Advisory Committee
of the Chicago Bridge and Iron Works, the members of which are:
H. C. BOARDMAN, Chairman; GEORGE T. HORTON; 0. A. BAILEY;
E. E. MICHAELS; and RALPH GREEN.
II. DESCRIPTION OF TESTS
3. Description of Apparatus.-The smaller specimens of the 1928
series were tested in a 600 000-lb. Riehle testing machine and the
larger specimens of the 1930 series in a 3 000 000-lb. Southwark-
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Emery machine. Each machine was equipped with special pulling
heads each of which consists of a pulling bar that is gripped in the
jaws of the testing machine at one end and that is pin-connected on
the other end to a built-up clevis consisting of wide plates containing
holes to match corresponding holes in the ends of the specimen. The
specimen was fastened between the two plates forming the clevis with
machine bolts. The pin was provided to insure centric loading and
the wide rigid clevis distributed the load across the width of the plate,
that is, along the length of the joint. The pulling heads for the
3 000 000-lb. machine are attached to a specimen as shown in Fig. 1.
The strain in the plate was measured with an 8-in. Berry strain
gage, measurements being taken on vertical gage lines at a number of
points across the plate, on both sides and above and below the joint.
The slip, for the 1928 series, was measured with a Berry strain
gage. The holes for measuring the slip are shown in Fig. 2. Gage
holes b and c are in the far plate and hole a is in the near one. Changes
in the distance from c to each of the holes a and b are measured. The
difference between the change in bc and the change in ac is the slip
between the plates. Slip readings were taken at from eight to ten
points along the joint, half of the readings being taken through the
large holes D in the near plate and the others through the hole E in
the far plate.
The slip, for the 1930 series, was measured with the instrument
shown in Fig. 3. It consists of a taper pin that fits into a taper hole in
the plates, and an Ames dial that indicates the distance the taper pin
projects from the plate. The method of using the instrument is as
follows: The taper pin is inserted and a zero reading is taken to
determine the projection of the pin before the joint is loaded. The
pin is again inserted and its projection measured after an increment of
load is applied. If no slip has occurred the pin will project the same
amount as originally, but if one plate has slipped relative to the other
the pin will project farther than before. The change in projection
and the taper of the pin determine the slip that occurs. The pins had
a diameter of about 1 in. and a taper (change in diameter) of approxi-
mately 0.02 in. per in. There was no difficulty in obtaining successive
readings that checked when a tolerance of 0.0001 in. was allowed, the
original set of readings being completed before the check readings
were begun. The instrument was checked against a standard, con-
sisting of a fixed pin projecting from a finished surface of a steel block,
before each set of readings was taken. This instrument is both
sensitive and reliable. The ease with which the specimen is prepared
for the use of the instrument makes it especially satisfactory.
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FIG. 1. THREE-MILLION-POUND TESTING MACHINE WITH SPECIMEN
BOLTED TO SPECIAL PULLING HEADS FOR WIDE PLATES
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FIG. 3. GAGE FOR MEASURING SLIP, 1930 SERIES
The bend in the plate was measured with the instrument shown
in Fig. 4.
The general location of the points at which strain, slip, and bend-
ing were measured, for the 1928 series, is shown in Fig. 5. The points
at which observations were made for the 1930 series were similarly
located.
4. Description of Specimens.-A typical specimen of the 1928
series for determining the strength of wide plates without joints is
1
i
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Fia. 4. INSTRUMENT FOR DETERMINING BEND IN PLATE
shown in Fig. 6. The ends were designed to slip between the two side
plates forming the clevis of the pulling head, and were fastened to the
clevis by means of bolts engaging the holes shown. The ends of the
specimen were reinforced with side plates riveted and welded to the
main plates as indicated.
The physical properties of the material were determined for each
specimen from standard tension tests of control specimens cut from
the parent plate. The dimensions of the individual specimens, the
physical properties of the material, and the location in the parent
plate of the main plates and the control specimens are given in the
sections describing the tests.
III. RESULTS OF TESTS
5. Efficiency of Wide Plates.-Tests were made to determine the
strength of a wide specimen relative to the strength of a standard
tension specimen, 1% in. wide, from the same plate. Four types of
specimens were used, differing in width, thickness, and shape. Three
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specimens of each of three types and six specimens of one type were
tested. The geometrical properties of the various types are given
in Fig. 7.
The parent plate was one foot wider than the finished specimen
and a strip 6 in. wide was cut from each edge to be used in determining
the physical properties of the material. Two standard flat tension
specimens, 11Y in. wide over the middle portion, were cut from each
of these strips. The physical properties of the material obtained from
the control specimens are given in Table 1, the results of the tests of
the wide specimens are given in Table 2, and the manner of failure of
the various specimens is given in Table 3. The unit strength of the
wide plate relative to the unit strength of the material as determined
from the control specimens 1/1- in. wide is'designated as the efficiency
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FIG. 7. SPECIMENS FOR TESTS OF WIDE PLATES
TABLE 1
PHYSICAL PROPERTIES OF STEEL AS GIVEN BY TESTS OF CONTROL SPECIMENS
Each value is the average of four tests
Specimen
No.
SDA ............
SDB ............
SDC............
SDD ............
SDE ............
SD F .............
291A . . .... . . . . .
291B ............
291C ............
292A ............
292B ............
292C ............
293A ............
293B ............
293C ............
Reduction
Area
per cent
58.9
57.0
53.8
64.25
64.65
62.65
65.68
63.48
61.58
57.82
57.39
61.84
62.35
59.77
62.47
Elongation in
8 inches
per cent
30.00
29.28
28.61
34.07
34.28
33.07
32.63
31.27
31.53
29.60
32.47
31.72
32.19
31.41
32.25
Yield Point
lb. per
sq. in.
32 066
31 823
33 022
29 292
28 925
29 123
34 336
34 072
34 542
36 347
34 128
36 545
33 463
36 738
33 640
Ultimate Strength
lb. per lb. per
in. width sq. in.
27 334 55 064
28 917 57 806
30 189 61 467
27 051 53 104
26 877 52 129
26 731 53 316
13 303 52 579
13 513 53 097
14 078 53 248
13 387 53 761
13 135 51 817
14 102 54 712
13 798 52 558
13 420 53 899
13 551 52 991
_ Corn'rol . ecmef.e17
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TABLE 3
MANNER OF FAILURE OF WIDE PLATES
Specimen
No. Description of Failure
SDA...... Plate failed by tearing between points A and B, Fig. 9. The load was left on the specimen
and four hours after initial failure the final failure occurred as shown in the figure.
SDB...... The plate failed suddenly over the entire section and without warning. The character of
the fracture is shown in Fig. 10, a characteristic fracture for a brittle material.
SDC...... The plate failed suddenly across the entire section but there was a considerable elongation
of the plate and the fracture, shown in Fig. 11, is a characteristic fracture for a ductile
material.
SDD...... Plate failed by tearing with a large elongation and reduction of area.
SDE...... Plate failed by tearing with a large elongation and reduction of area.
SDF...... Plate failed by opening up at the center as shown in Fig. 12. The tear began at the middle
of the plate and was halted by releasing the load before it had extended to the edges
291A... . All plates failed by tearing at the end of the reduced section similar to the failure of 291B291B... shown in Fig. 13.
291C......
292A .... The plates failed by a crack opening near the center as shown in Fig. 14.292B......
292C...... The plate failed by tearing from one edge, as shown in Fig. 15.
293A ...... Both plates tore next to the reinforcing plates at the ends where there is an abrupt change293B...... in section.
293C ...... The initial tear occurred near the reduced section adjoining the end reinforcement
followed by the small tear at the edge near the mid-length of the plate, as shown inFig. 16.
of the wide plate. The efficiency has been computed on two bases,
on unit area and on unit width. Because the edges of the plates,
where the control specimens were obtained, were thinner than the
middle, the efficiency based upon the width is greater than that based
upon the area. The latter, of course, is the true value. The two
values of the efficiency are given in the last two columns of the table.
The lowest efficiency of any one plate is 85.53 per cent for SDB,
based upon the width. (Thicknesses were not measured for this
group.) The lowest efficiency for any one group is for SDA, SDB,
and SDC, for which the average efficiency is 88.15 per cent, based
upon the width. The SDD, SDE, and SDF group is a duplicate set
made after all of the other groups had been tested. This dupli-
cate set was made to determine whether the low efficiency of the
first group was due to the shape of the plates or whether the varia-
tion was an erratic one. The fact that the second group had an
efficiency of 97.20 per cent based upon width and 94.69 per cent.
based upon area, indicates that the low efficiency of the first group
was not necessarily due to the shape of the plate. The efficiencies
based upon areas of the four last groups, the average of the tests ini
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FIG. 8. SPECIMENS FOR DETERMINING EFFECT OF FLAME CUTTING UPON
PROPERTIES OF STEEL PLATES
each group, were 94.69, 93.48, 98.26, and 90.15 per cent, respective-
ly. Assuming the relation between the efficiency based upon area
and that based upon width, obtained from group 2, to hold for group
1, the efficiencies, based upon area, for SDA, SDB, and SDC would
be 85.34, 83.31, and 88.94 per cent, respectively, with an average
value of 85.86 per cent. The strongest group, 292 A-B-C, had an
average efficiency, based upon area, of 98.26 per cent. The effi-
ciencies of the two 64-in. x 5s-in. plates, AW1 and AW2, described
in Sections 6, 9, and 12, were 96.4 and 99.4 per cent, respectively.
The two groups of SD specimens had the same outline but the
average efficiency for the two differed 9 per cent. There were two
differences between the two groups of specimens. The first difference
was in the material, that for the first group being a little stronger and
somewhat less ductile than that for the second group. The second
difference between the two groups was in the manner in which the
specimens were prepared. Specimens SDA, SDB, and SDC were cut
to size with a flame, SDB being tested as received from the welder
whereas the edges of SDA and SDC were smoothed somewhat with a
file. The edges of specimens SDD, SDE, and SDF were cut with a
flame and then machined so that all of the heated material was
removed and the finished edge was free from the indentations
characteristic of SDA and SDC shown in Fig. 9.
The following tests were made to determine whether flame cutting
injures a plate: Figure 8 shows the parent plate which was cut into
I 
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FIG. 9. SPECIMEN SDA AFTER
FAILURE
FIG. 10. SPECIMEN SDB AFTER
FAILURE
FIG. 11. SPECIMEN SDC AFTER FIG. 12. SPECIMEN SDF AFTER
FAILURE FAILURE
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TABLE 4
EFFECT OF FLAME CUTTING UPON PROPERTIES OF STEEL PLATES
How
Cut
Machined
Machined
Flame-Cut
Flame-Cut
Machined
Machined
Flame-Cut
Flame-Cut
1.0
00
1.0'
00
Z.O
0.0
zO
0.0
1.0zo
0.0
Reduction Elongation
of Area in 8 in.
per cent per cent
60.0 27.75
57.9 30.25
59.0 29.00
42.7 20.38
49.7 21.25
46.2 20.81
56.4 33.13
60.4 31.25
58.4 32.19
46.2 20.50
42.4 24.38
44.3 22.43
Yield Point
lb. per sq. in.
37 200
36 400
36 800
41 100
39 900
40 500
37 100
37 600
37 350
40 800
40 500
40 650
-- orfh Side
...... oz'V 'S- SI/de
- .... S . . - - . -- - - -- -
/x 0 000/b.
-- --. .- -- , ....
-- --  - ----- /00 00/,. --g I=-0
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63 200
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FIG. 17. VARIATION IN STRAIN ACROSS PLATE, SPECIMEN SDB
strips by burning along the full lines. Specimens A2 and A3 were
tested as finished with the torch, except that projecting beads were
knocked off. Specimens Al and A4 were machined to the dotted
lines, all material that was heated being removed. Specimens Bl,
B2, B3, and B4 were cut from a second plate in the same manner.
The results of the tests are given in Table 4. These tests indicate
Specimen
No.
A l ............
A4 ............
Average......
A2...........
A3 .......... .
Average......
B l ............
B 4............
Average......
B 2............
B 3 ............
Average......
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that flame cutting increases the strength of narrow specimens slightly
and reduces their ductility. The relative effect on a specimen 20 in.
wide would not appear to be appreciable, and it is believed that the
difference in behavior between the two groups is not due to the
manner in which the edges of the plate were cut.
Figure 17 shows the variation in strain across the plate for speci-
men SDB. These diagrams indicate that the stress distribution was
fairly uniform.
The efficiency of the wide plates based upon areas was 90 per cent
or more, except for four of the fifteen specimens tested. The ductility,
although not as great as for standard tension specimens, was fair for
most specimens, but on one there was practically no reduction of
area or elongation.
The brittle fracture of specimen SDB is hard to explain, especially
since the control tests for this specimen, reported in Table 1, showed
the material to be very ductile. In order to check the physical
properties of the material from this specimen, a second set of controls
was cut from the main specimen after it had been tested to destruc-
tion. These controls had approximately the same properties as the
original set reported in Table 1.
6. Efficiency of Net Section.-
1928 Series
The specimens of the 1928 series containing riveted lap joints were
used in the studies to determine the strength of the net section of
plates. These tests consist of series S1 to S8, inclusive. All tests were
made in triplicate. All specimens were steel plates e16 in. thick and
36 in. wide joined by a riveted lap joint containing two rows of
5%-in. rivets, as shown in Fig. 18. The joints differed in the distance
between rows of rivets, in the arrangement of the rivets, some joints
having chain and others stagger rivets, and in the manner in which
the holes were made, some specimens having drilled and others
punched holes.
The two pieces that were riveted together to form a specimen were
cut from a single plate, the position of the various parts in the parent
plate being shown in Fig. 19. The two edges a and b were riveted
together to form the specimen. Standard tension specimens for deter-
mining the physical properties of the material were cut from the
central portion. The finished specimen was approximately 7 ft. 8 in.
long and the joint was at the middle. The ends of each specimen were
reinforced with side plates welded to the main plate, as illustrated in
Fig. 6, to insure that the specimen would break at the joint being
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FIG. 19. POSITION OF MAIN PLATE AND CONTROL SPECIMENS IN
PARENT PLATE
tested. The physical properties of the material, determined from the
control specimens and given in Table 5, are typical for tank steel.
The results of the tests on the main specimens are given in Table 6.
A few specimens broke by shearing the rivets, and for these the
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TABLE 5
PHYSICAL PROPERTIES OF CONTROL SPECIMENS, TESTS OF
RIVETED JOINTS, 1928 SERIES
Yield Point Ultimate Strength
Reduc- Elonga-
Specimen tion of tion in
No. Area 8 in. Total lb. per lb. per Total lb. per lb. per
per cent per cent lb. in. width sq. in. lb. in. width sq. in.
SIAl..... 61.4 28.3 16 150 10 767 36211 23 250 15 500 52 130
S1A2..... 65.5 37.0 16 000 10 667 34 934 22 150 14 767 48 362
SIA3 .... 59.7 33.4 15 000 10 000 32 328 23 200 15 467 50 000
Average. 62.2 32.9 15 717 10 478 34 491 22 867 15 245 50 164
S1B1 ..... .... 33.7 13 080 8 720 28 190 23 320 15 547 50 260
S1B2 ..... .... 36.2 14 175 9 450 30 480 22 685 15 123 49 170
91B3. .... ..... 27.0 15 250 10 167 33 890 23 335 15 557 51 860
Average. ...... 32.3 14 168 9 446 30 853 23 113 15 409 50 430
S1C1..... .... 27.6 15 615 10 410 35 170 23 250 15 500 52 360
S1C2..... .... 34.1 13 885 9 257 30 320 22 320 14 880 48 730
S1C3 ..... .... 36.6 14 610 9 740 28 420 23 130 15 420 49 740
Average. ..... 32.4 14 703 9 802 31 303 22 900 15 267 50 243
S2A1..... 66.6 34.1 16 550 11 033 35 668 23 400 15 600 50 431
S2A2..... 62.3 33.8 15 100 10 342 33 481 22 350 15 308 49 559
S2A3 ..... 64.0 28.1 18 000 12 000 40 268 24 000 16 000 53 691
Average. 64.3 32.0 16 550 11 125 36 472 23 250 15 633 51 227
S2B1..... .... 26.3 17 165 11 520 39 280 23 500 15 722 53 780
S2B2. ..... .... 33.7 14 465 9 643 31 930 22 650 15 100 50 000
S2B3 . . . . .... 34.3 14 825 9 950 32 540 23 430 15 725 51 270
Average. ..... 31.4 15 485 10 338 34 583 23 193 15 532 51 683
S2C1..... .... 31.3 13 080 8 778 28 500 23 210 15 577 50 570
S2C2 ..... .... 33.8 14 135 9 487 30 800 22 850 15 336 49 780
S2C3 ..... .... 27.6 15 965 10 787 35 960 23 465 15 855 52 850
Average. ..... 30.9 14 393 9 684 31 740 23 175 15 589 51 067
S3A1..... 63.4 28.1 15 000 10 067 32 258 23 050 15 470 49 570
S3A2 ..... 68.1 38.5 14 950 10 170 32 713 22 300 15 170 48 796
83A3 . .... 61.6 29.0 15 900 10 743 35 333 23 300 15 743 51 778
Average. 64.4 31.9 15 283 10 327 33 435 22 883 15 461 50 048
S3B1 .... .... 33.5 13 320 8 880 28 650 23 510 15 673 50 560
S3B2..... . .... 36.0 14 305 9 537 29 630 23 170 15 447 49 610
S3B3..... .... 29.5 15 260 10 173 33 760 23 510 15 673 52 010
Average. ..... 33.0 14 295 9 530 30 680 23 397 15 598 50 393
S3C1..... .... 25.9 15 560 10 513 35 120 23 210 15 682 52 390
S3C2...... .... 36.9 14 415 9 610 31 410 22 805 15 203 49 680
S3C3...... .... 34.9 14 450 9 633 31 070 23 250 15 500 50 000
Average. .... 32.6 14 808 9 919 32 533 23 088 15 462 50 690
84A1..... .... 26.1 17 260 11 584 39 510 23 250 15 604 53 200
84A2 .......... 34.7 14 920 10 013 33 160 22 380 15 020 49 730
S4A3..... .... 31.9 14 490 9 660 31 360 23 260 15 567 50 350
Average. ..... 30.9 15 557 10 419 34 673 22 963 15 397 51 093
S4B1..... 62.6 32.8 14 600 9 733 31 197 23 200 15 467 49 573
84B2..... 68.0 34.0 15 100 10 203 32 684 22 500 15203 48 701
S4B3 ..... 63.4 26.3 16 000 10 811 35 955 23 300 15 743 52 359
Average. 64.7 31.0 15 233 10 249 33 279 23 000 15 471 50 211
S4C1..... 60.9 26.1 16 850 11 233 37 444 23 500 15 667 52 222
S4C2..... 66.2 34.5 14 100 9 527 31 126 22 050 14 899 48 675
S4C3..... 66.7 37.5 14 300 9 662 30 952 22 750 15 372 49 242
Average. 64.6 32.7 15 083 10 141 33 174 22 767 15 313 50 046
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TABLE 5 (concluded)
PHYSICAL PROPERTIES OF CONTROL SPECIMENS, TESTS OF
RIVETED JOINTS, 1928 SERIES
Yield Point Ultimate Strength
Reduc- Elonga-
Specimen tion of tion in
No. Area 8 in. Total lb. per lb. per Total lb. per lb. per
per cent per cent lb. in. width sq. in. lb. in. width sq. in.
S5A1..... 68.7 30.3 12 550 8480 27 283 23 050 15 574 50 109
S5A2 ..... 65.9 34.0 14 600 9 865 31 789 22 550 15 236 49 022
S5A3 ..... 63.2 30.4 16 100 10 878 35 938 23 150 15 642 51 674
Average. 65.9 31.6 14 417 9 741 31 653 22 917 15 484 50 268
S5B1..... 66.7 29.9 15 650 10 503 35011 23 100 15 503 51 678
S5B2..... 62.4 33.5 15 550 10367 33952 22 550 15033 49236
85B3 ..... 67.7 32.5 15 700 10 467 33 763 23 000 15 333 49 462
Average. 65.6 32.0 15 633 10 446 34 242 22 883 15 289 50 125
S5C1..... 57.4 27.6 17900 12095 38745 28 650 19 358 62 013
S5C2..... 53.0 30.5 17 650 11 925 38 203 28 850 19 493 62 446
S5C3..... 53.7 25.3 19 100 12 819 42 350 28 600 19 195 63 415
Average. 54.7 27.8 18 217 12 280 39 766 28 700 19 349 62 958
S6A1..... 63.4 31.8 14 350 9 696 31 264 23 200 15 676 50 545
S6A2..... 70.0 36.0 15 600 10 612 34211 22 500 15306 49 342
S6A3..... 68.1 28.3 16 100 10 952 36 180 23 200 15 782 52 135
Average. 67.2 31.9 15 350 10 420 33 855 22 967 15 588 50 674
S6B 1..... 63.4 29.4 15 700 10 608 35 682 22 750 15 372 51 705
S6B2 ..... 66.2 36.0 16 000 10 884 36 036 22 100 15 034 49 775
S6B3..... 64.5 32.0 15 000 10 274 32 895 22 550 15 445 49 452
Average. 64.7 32.5 15 233 10 589 34 872 22 467 15 284 50 311
6C01..... 51.4 30.1 16 550 11 182 35 138 28 450 19 223 60 403
S6C2..... 50.6 30.9 17 750 11 913 37 606 28 400 19 060 60 169
S6C3..... 59.8 24.4 19 300 13 040 42 605 28 350 19 155 62 583
Average. 53.9 28.5 17 867 12 045 38 450 28 400 19 146 61 052
S7A1..... 58.3 25.5 19 100 12 819 42 634 28 250 18 960 63 054
87A2..... 57.9 27.1 17 300 11 689 37 939 28 300 19 122 62 061
87A3..... 57.5 28.3 17 500 11 745 37 797 28 500 19 127 61 555
Average. 57.9 27.0 17 967 12 084 39 457 28 350 19 070 62 223
S7B1 ..... .... 26.1 15 740 10 493 34 220 28 215 18 810 61 340
87B2. ... ...... 27.0 17 110 11 407 37 200 28 720 19 147 62 430
S7B3..... .... 24.3 18 340 12 227 40 850 28 150 18 767 62 690
Average. .... 25.8 17 063 11 376 37 423 28 362 18 908 62 153
S7C1..... 57.9 25.1 18 400 12 349 41 441 27 800 18 658 62 613
S7C2 .... 53.7 27.8 18 300 12 200 40 132 28 100 18 733 61 623
S7C3..... 59.1 29.1 17 900 12 013 39 168 28 450 19 904 62 254
Average. 56.9 27.3 18 200 12 187 40 280 28 117 18 828 62 163
S8A1..... 57.4 30.5 18 950 12 891 41 832 28 400 19 320 62 693
S8A2 ..... 59.8 29.8 18 050 12 196 38 985 28 350 19 155 61 231
S8A3..... 61.6 31.4 17700 11 959 37 580 28400 19 189 60297
Average. 59.6 30.6 18 233 12 349 39 466 28 383 19 221 61 407
S8B1..... 60.4 28.8 16650 11326 35806 27 600 18776 59 355
S8B2..... 58.2 30.0 17 050 11 443 36364 27 600 18523 58849
S8B3 ..... 54.5 24.5 18 400 12 432 40 798 28 150 19 020 62 417
Average. 57.7 27.8 17 367 11 400 37 656 27 783 18 773 60 207
S8C1..... 55.0 27.8 18 300 12 200 40 132 28 300 18 867 62 061
S8C2.. . 59.7 30.3 18 950 12 633 40 578 28 200 18 800 60 385
S8C3..... 60.5 29.5 17 300 11 769 37365 27 300 18 571 58963
Average. 58.4 29.2 18 183 12 201 39 358 27 900 18 746 60 470
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FIG. 21. SPECIMEN S2B AFTER FAILURE
strength of the plate was at least a little greater than the strength of
the specimen. Nevertheless, the strength of the plates has been taken
equal to the strength of the specimen in the discussion of the efficiency
of the joints. The theoretical efficiency, given at the bottom of the
table, is the ratio of the net to the gross width of the plate. The holes,
whether punched or drilled, were 1116 in. in diameter. The size of
hole to be deducted in computing net width is J1/6 in. greater than the
nominal diameter of the rivet according-to specifications for the design
of tanks, and 1/ in. greater than the nominal diameter of the rivet,
according to specifications for bridges and buildings. The theoretical
efficiencies, based on 1/l16 -in. and 3 4 -in. holes, are 65.63 and 62.50
per cent, respectively. The actual efficiencies developed by the various
specimens are given in the right-hand column of Table 6.
Only two joints out of twenty-four failed to develop an efficiency
of 62.5 per cent, of these S8C, which failed by tearing the plate, had
an efficiency of 61.83 per cent and S5C, which failed by shearing the
rivets, had an efficiency of 61.81 per cent. The average efficiency of
the twenty-four joints of these series was 66.65 per cent.
The variation in strain across the plate for specimen S2B is shown
in Fig. 20. This diagram is typical of those obtained in this series of
tests. In no case was there any indication of a serious lack of uni-
formity in the stress distribution along the joint. Figure 21 shows
specimen S2B after failure. The Lueder lines are characteristic and
were easily apparent in all wide plates tested.
1930 Series
The 1930 series includes two specimens each of two types of joints
and four specimens of one type. There were: (1) two triple-riveted
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Fia. 26. LOCATION OF MAIN PLATES AND CONTROL SPECIMENS IN PARENT
PLATE FOR BB1, BB2, AB1, AB2, AB3, AB4, ALl, AL2, AW1, AND AW2
TABLE 7
PHYSICAL PROPERTIES OF STEEL AS GIVEN BY TESTS OF
CONTROL SPECIMENS, 1930 SERIES
Ultimate Strength
Reduction Elongation Yield Point _______UltimteSteSpecimen of Area in 8 in. I lb. perNumber per cent per cent sq. in. lb. per lb. per
in. width sq. in.
AB1............. 54.3 28.17 39 950 39 650 63 475
AB2............. 54.2 27.78 39 940 40 730 64 880
AB3............. 61.3 30.5 34 700 36 600 57 200
AB4............. 63.1 30.9 34 100 36 200 57 300
BB1............. 59.8 26.35 31 610 28 354 64 480
BB2............. 59.5 27.78 32 290 28 090 64 580
ALl............. 61.5 28.54 30 140 29 520 58 850
AL2............. 63.8 28.41 28 760 28 350 57 740
AWl1............ 67.8 32.79 27 760 33 266 53 290
AW2............ 66.8 32.72 27 730 33 030 53 580
double-strap butt joints, the specimens being designated as BB1 and
BB2; (2) four quadruple-riveted double-strap butt joints, the speci-
mens being designated as AB1, AB2, AB3, and AB4; and (3) two
quadruple-riveted lap joints, the specimens being designated as ALl
and AL2. All joints were designed so that, as nearly as practicable,
the strength of the net section of the plate would equal the shearing
strength of the rivets. The size of butt straps and the rivet spacing
for these specimens are given in Figs. 22, 23, and 24. Figure 25, a
reproduction of a photograph of AB2 after failure, shows the rein-
forcing plates at the ends of the specimen and also the holes for bolting
the specimen to the clevis of the pulling head, which are similar for all
specimens of these three types. The locations of the main plates and
the control specimens in the parent plate are shown in Fig. 26.
The triple-riveted butt joints and two of the four quadruple-
riveted butt joints failed by tearing the plates. The quadruple-
riveted lap joints and two of the four quadruple-riveted butt joints
failed by shearing the rivets, but the plates in these joints were near
78--
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(b)
FIG. 27. SPECIMEN BB1 AFTER FAILURE
failure when the rivets sheared, as shown in Figs. 29 to 33. Tests of
the three types of joints are discussed in the following paragraphs.
Triple-Riveted Double-Strap Butt Joints
The specimens BB1 and BB2 are triple-riveted double-strap butt
joints in plates 72 in. x %76 in., the rivets having a nominal diameter
of 34 in. The detail dimensions of the specimen are given in Fig. 22.
The physical properties, determined from the control specimens and
reported in Table 7, indicate that the material was both ductile and
strong. The ultimate strengths of the wide specimens, given in
Table 8, were 1 650 000 and 1 695 000 lb. for BB1 and BB2, respec-
ILLINOIS ENGINEERING EXPERIMENT STATION
FIG. 28. SPECIMAN BB2 AFTER FAILURE
tively. The strength per inch width of net section, computed on two
bases, is given in columns 3 and 4. For column 3, the diameter of
rivet hole deducted was taken as the nominal diameter of the rivet
plus %/ in.; for column 4, it was taken as the nominal diameter of the
rivet plus 116 -in. In both cases the M-in. holes shown in Figs. 27 and
28, and used in measuring slip, were also deducted, there being ten
of these holes to be deducted from BB1 and five from BB2. The
strength per inch width of the control specimens is given in column 5
and the ratio of the strength per inch width of the wide plates to that
of the control specimens is given in columns 6 and 7. The theoretical*
and measuredt efficiencies are compared in columns 8 and 9. The
theoretical efficiency given is based upon the actual diameter of the
hole, nominal diameter of the rivet plus 1/6 in. These two specimens
developed almost their theoretical efficiency. Plate BB1 tore on a
transverse section through the outer row of rivets, as shown in Fig. 27,
but the tear in BB2 extended into the second row of rivets at two
points, as shown in Fig. 28.
*At weakest section.
tRatio of strength developed by wide plate to product of gross width of plate and strength per
inch width developed by control specimens.
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FIG. 29. SPECIMEN AB1 AFTER FAILURE
Quadruple-Riveted Double-Strap Butt Joints
The specimens AB1, AB2, AB3, and AB4 are quadruple-riveted
double-strap butt joints in plates 72 in. x 5% in., the rivets having a
nominal diameter of % in. The detailed dimensions of the specimens
are given in Fig. 23, and the location in the parent plate of the two
main plates and of the control plates for a specimen is shown in
Fig. 26. The physical properties, determined from the control speci-
mens and reported in Table 7, indicate that the material was both
ductile and strong. The ultimate strength was 2 310 000, 2 305 000,
2 280 000, and 2 270 000 lb. for AB1, AB2, AB3, and AB4, respec-
tively. The theoretical and measured efficiencies are compared in
Table 8. The strength developed by AB1 and AB2 was less than
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FIG. 30. SPECIMEN AB2 AFTER FAILURE
90 per cent of the theoretical strength of the net section of the plates.
The fact should be noted, however, that failure was due to shearing of
the rivets and not to tearing of the plate. An inspection of Fig. 29a
indicates that the plate had elongated greatly at a section through
the outer row of rivets and it is likely that it would not have carried
much more load than that to which it was subjected when the rivets
failed. The strength developed by AB3 and AB4 was about 95 per
cent of the computed strength of the net section of the plates through
the outer row of rivets.
For both of the latter specimens failure was due to tearing the
plate on a section that passed through the outer rivet in the third row
and zigzagged back and forth between the rivets of the outer two
rows as shown in Fig. 31. A part of the 5 per cent difference between
the computed strength on a transverse section through the outer row
of rivets and the strength actually developed by the specimens is due
to the fact that the zigzag section of failure is weaker, theoretically,
than the transverse section.
Quadruple-Riveted Lap Joint
Specimens AL1 and AL2 were quadruple-riveted lap joints in
plates 72 in. x 12 in., the rivets having a nominal diameter of 34 in.
The detailed dimensions of the specimens are given in Fig. .24, and
the location in the parent plate of the two main plates and of the
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FIG. 31. SPECIMENS AB3 AND AB4 AFTER FAILURE
FiG. 32. SPECIMEN AL1 AFTER FAILURE
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(a) (b)
FIG. 33. SPECIMEN AL2 AFTER FAILURE
plates for control specimens is shown in Fig. 26. The physical prop-
erties, determined from the control specimens and reported in Table 7,
indicate that the material was both ductile and strong. The ultimate
strengths were 1 610 000 and 1 642 000 lb. for AL1 and AL2, respec-
tively. The theoretical and measured efficiencies are compared in
Table 8. The strength developed by these specimens is somewhat
greater than the theoretical strength of the net section of the plates,
and the failure was due to the failure of the rivets. An inspection of
Figs. 32b and 33b indicates that the plates had elongated greatly at a
section through the outer row of rivets, and it is likely that the plates
would not have carried much more load than that to which they were
subjected when the rivets failed.
There were many features about the tests of riveted joints in wide
plates that are of particular interest. One of these is the uniformity
with which the stress normal to the joint is distributed across the
plate. Strain readings were taken with an 8-in. strain gage on five
gage lines on each side of each of the two plates constituting a joint,
for all specimens. The location of these gage lines is given in Fig. 5
for the 1928 series, and in Fig. 34 for the 1930 series. A typical strain
diagram for the plates of the 1928 series is shown in Fig. 17. Since
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the AB1 and AB2 plates of the 1930 series had such a low efficiency,
the strain diagrams for these specimens have been reproduced in
Fig. 35. These diagrams, typical of the diagrams for all plates of the
1930 series, in so far as they relate to the variation in strain across the
plate, show that the strain was uniform. The difference in strain on
the two sides of the plate is of interest but, in view of the showing
made by the lap joints ALl and AL2, cannot be considered as a cause
of the poor showing made by the AB1 and AB2 specimens.
Of the lap joints of the 1928 series that failed by tearing of the
plate, twenty in all, all but one developed an efficiency equal to the
theoretical efficiency based on a diameter of deducted hole equal to
the nominal diameter of the rivet plus Y in., and thirteen developed
the theoretical efficiency based on a diameter of deducted hole X6 in.
greater than the nominal diameter of the rivet. Both specimens of
the 1930 series containing a lap joint developed the full theoretical
efficiency when determined on either basis. Apparently the eccen-
tricity of the lap joint does not affect the ultimate strength of the
plate. This is consistent with the results of tests on narrow strips.*
The bending of the plate due to the eccentricity of the joint was
measured for specimens ALl and AL2 at points indicated in Fig. 34.
For these specimens the relation between the unit tension on the net
section and the bend in the plate at the top edge of the joints and at
the bottom edge is given by the diagrams of Fig. 36. Each point on
each curve represents the average of the bending measured at five
points along the joint. These diagrams indicate that for these speci-
mens the bending varied approximately with the stress on the net
section up to 5000 lb. per sq. in., and beyond this a slight increase in
stress caused a more rapid increase in the bending.
The lap joints ALl and AL2, typical for tank construction, were
caulked according to standard practice for a water or oil tank. This
caulking bent the plate as shown in Fig. 37. The caulking of the
joint separated the two plates between the outside row of rivets and
the caulked edge, otherwise the joint would have been opened when
bending in the plate began. But with contact at the edge only and
with an elastic flexure in the plate from the outside row of rivets to
the edge, the caulked edge was able to follow up and maintain contact
until considerable bending had occurred. The caulked edges were
coated with whitewash and observations were made at five points
along each caulked edge to determine when the whitewash cracked,
indicating that the caulked joint had opened. For specimen ALl the
whitewash first cracked at a load of 300 000 lb. At this load it
*Univ. of Ill. Eng. Exp. Sta. Cir. 21, 1931, p. 25.
TESTS OF JOINTS IN WIDE PLATES
Ben?/ i1? P/o'te, /'v/',s/on.s of l4/17/
FIG. 36. RELATION BETWEEN STRESS ON NET SECTION AND AVERAGE
BEND IN PLATE ALONG SEAM, LAP JOINT, 1930 SERIES
FIG. 37. BEND IN PLATE DUE TO CAULKING
cracked at 3 points on one caulked joint and at 2 points on the other.
A minute crack was noted at one end of one caulked joint of AL2 at a
load of 200 000 lb., but there was no further opening at this point nor
any cracking at any other point along this joint at 300 000 lb., indi-
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cating that the crack detected at 200 000 lb. was probably not due
to the opening of the joint.
For the other caulked joint of this specimen the white-wash
cracked at 3 points along the edge at a load of 300 000 lb. It would
appear, therefore, that, at least for these joints, a leak might be
expected at a load of 300 000 lb., corresponding to a stress on the net
section of 10 920 lb. per sq. in.
If rivets are staggered and the net section on a zigzag diagonal line
equals the net section on a straight transverse line, the plate should,
theoretically, fail along the zigzag diagonal line. The net distance
between rivets on the outside row for specimens BB1 and BB2, based
on I 3 1 6-in. holes, is 6.29 in. on a zigzag line and 5.81 in. on a straight
transverse line. The load on BB1 was released as soon as the plate
started to tear, but the failure, as far as it developed, was along a
transverse line. The failure of BB2 was partly along a transverse
and partly along a zigzag line (see Fig. 28) indicating that the stagger
was such that the plate was about equally likely to fail along either
of the two lines, yet the net section was 7 per cent greater along the
zigzag than along the transverse line.
The specimens of the 1928 series were planned to determine the
relative merits of chain rivets and stagger rivets. The specimens of
the S1 and S2 series are the same as those of the S5 and S6 series
except that the former are chain riveted and the latter stagger riveted.
The efficiency of the specimens having chain rivets, the average of six
tests, was 65.51 per cent; and the efficiency of those having stagger
rivets, the average of four* tests, was 69.94 per cent. The specimens
of the S3 and S4 series and of the S7 and the S8 series have stagger
rivets and are the same in every way as the S5 and S6 except that the
distance between the rows of rivets is 1% in. for S3 and S4 and 21 in.
for S7 and S8, whereas this distance for the S5 and S6 series is 2 in.,
a difference that seems to have but little effect upon the strength of
the joint. The efficiency of the S3 and S4 series, the average of six
tests, was 69.66 per cent; the efficiency of the S7 and S8 series, the
average of four* tests, was 63.66 per cent. Comparing the average
efficiency for the fourteen* specimens having stagger rivets with that
for the six specimens having chain rivets, it was found that the
average for the former was 68.03 per cent and for the latter 65.51 per
cent. Thus it is seen that the efficiency of the joint was slightly
greater for the stagger rivets than for the chain rivets, the difference
being about 2.5 per cent.
*The specimens that failed by shearing the rivets were not included in this average.
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The specimens of the 1928 series were planned to determine the
effect upon the efficiency of the net section of punched and drilled
holes. For each series there is one group of three specimens for which
the holes were drilled and a similar group of three specimens for which
the holes were punched. The average efficiency for the specimens
having drilled holes was 67.97 per cent and for those having punched
holes, 66.58 per cent, the average of ten* tests for each type of speci-
men, a difference of 1.39 per cent in favor of the drilled holes.
The practice is often followed in designing a riveted joint for wide
plates of having the rivet spacing greater for the outer than for the
inner row of rivets, thereby increasing the theoretical efficiency of the
joint. Of the joints tested in the investigation reported in this sec-
tion, all of the 1928 series and AL1 and AL2 of the 1930 series had the
same rivet spacing in all rows; for specimens BB1 and BB2, the
spacing in the outer row was twice as great as for the inner rows; and
for AB1, AB2, AB3, and AB4 the spacing was four times as great in
the outer as in the inner rows. The theoretical and actual efficiencies
are compared in Table 9. The data in this table apparently indicate
that omitting rivets from the outer row does not increase the actual
as much as it does the theoretical efficiency.
7. Shearing Strength Developed by Rivets.-
Lap Joints
All of the specimens of the 1928 series and the AL specimens of the
1930 series were lap joints. Only four of the twenty-four specimens
of the 1928 series failed by shearing the rivets. For these the shear,
the average for the four specimens, was 40 690 lb. per sq. in. based on
a 5%-in. diameter of rivet, and 33 615 lb. per sq. in. based on a 14 6 -
in. diameter. For the two AL specimens the average unit shearing
strength was 44 880 lb. per sq. in. based on a 3%-in. diameter and
38 240 lb. per sq. in. based on a 1 3f 6 -in. diameter. Ten rivets
from these specimens were measured after the plates had been test-
ed and the average diameter of the ten was found to be 0.794 in.
The strength developed in shear, based on this diameter, is 40 050
lb. per sq. in. Twelve undriven rivets taken from the same lot as
those used for the AL specimens, tested as individual rivets in single
shear, developed a strength, the average for the twelve speci-
mens, of 42 400 lb. per sq. in.
Butt Joints
The specimens AB1 and AB2 of the 1930 series were quadruple-
riveted double-strap butt joints that failed by shearing the rivets.
*Specimens that failed by shearing the rivets were not included in this average.
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TABLE 9
COMPARISON OF THEORETICAL AND ACTUAL EFFICIENCIES FOR
VARIOUS TYPES OF RIVETED JOINTS
Theoretical Efficiency*
Hole Deducted Nominal
Diameter of Rivet Plus Actual
Specimens Description of Joint Efficiency
per cent
Sin. M« in.
per cent per cent
1928 Series, 24 tests.... Riveted lap joints. Two rows of 62.50 65.63 66.65
%-in. rivets. Spacing same for
both rows
AL specimens of 1930 Riveted lap joints. Fourrowsof 72.7 74.6 78.25
Series, 2 tests Y4-in. rivets. Spacing same for
all rows
AB specimens of 1930 Quadruple-riveted double-strap 90.8 91.4 79.65
Series,2testsinwhich butt joint. %-in. rivets. Spac-
specimens failed by ing for outer row four times as
shearing rivets* great and for second row two
times as great as for inner rows
AB specimens of 1930 Quadruple-riveted double-strap 91.3 91.9 86.7
Series,2testsinwhich butt joint. T-in. rivets. Spac-
specimens failed by ing for outer row four times as
tearing plate great and for second row two
times as great as for inner rows
BB specimens of 1930 Triple-riveted double-strap butt 82.8 83.85 82.30
Series, 2 tests joint. %-in. rivets. Spacing
for outer row two times as
great as for inner rows
-fue o seuuiu lip d d dbe iU Ul5Uiik Unth tilu fii 90
Holes for measurng s p e
at bottom of Table 8. Holes for measuring slip did not 
affect net section for 1928 series.
There were fifteen 7%-in. rivets in single shear and thirty-nine in
double shear for each joint. The shearing stress developed by these
rivets was 41 360 lb. per sq. in. based upon a diameter of 8% in., and
35 940 lb. per sq. in. based upon a diameter of 1516 in. A number of
rivets were measured after the plates had been tested and the
diameter, the average for ten rivets, was found to be 0.930 in. The
strength developed in shear, based on this diameter, was 36 610 lb.
per sq. in. Twenty-four undriven rivets taken from the same lot as
those used for the AB specimens were tested as individual rivets,
twelve being tested in single shear and twelve in double shear. The
ultimate strength in single and double shear was 41 250 and 37 750
lb. per sq. in., respectively.
The width of the joint parallel to the line of stress is rather large
for the AB specimens, and the rivets in the outer row might be
expected to be subjected to more than their share of the stress due to
the deformation of the plate. For one specimen the rivets in the
outer row failed before those in the other rows, but the study pre-
sented in Section 8 failed to establish any consistent differences in the
slip on the various rows of rivets.
ee 
no 
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FIG. 38. VARIATIONS IN SLIP ALONG SEAM FOR S1B, A TYPICAL
DIAGRAM FOR 1928 SERIES
These tests apparently indicate that the ultimate unit strength
developed by the rivets in the large groups of these specimens, when
based on the nominal diameter of the rivet, exceeds slightly the
strength developed by undriven rivets tested as individuals; but when
the unit strength developed by the rivets of the specimens is based
upon a diameter equal to the diameter of the rivet hole, it is somewhat
less than the stress developed by undriven rivets tested as individuals.
The rivets of the lap joints were as strong, relative to the correspond-
ing undriven rivets, as those in the butt joints.
8. Slip of Rivets.-Observations were made to determine the slip
of the riveted joints at various loads. The methods used are described
in Section 3. Variations in slip along the seam for specimen S1B are
shown in Fig. 38. This diagram is a typical one for the specimens of
the 1928 series. The relation between load and slip is shown in
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FIG. 39. RELATION BETWEEN SHEAR AND SLIP FOR FOUR
SPECIMENS OF 1928 SERIES
Fig. 39 for four specimens of the 1928 series. Each point represents
the average of the six readings along the seam.
The slip for the specimens of the 1930 series is given in Figs. 40
to 48. For each specimen there is one diagram showing the variation
in slip along the seam and one showing the relation between load
and slip.
For specimens ALl and AL2 the slip was measured along three
transverse sections, one through each of the outer rows of rivets and
one on the center of the joint. The holes for measuring the slip can
be seen in Figs. 32 and 33. The diagrams of Figs. 40 and 41 show
that the slip is greater at each of the outer rows of rivets than it is
along the middle of the joint. Slip was first detected in ALl and AL2
at loads of 400 000 and 300 000 lb., respectively. For the former
there was a slip of 0.0004 in. at one point and for the latter there was a
slip of 0.0003 in. at two points, at these loads. Slip became general
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Avera'ge 5//ip Across /-'1tre
FIG. 42. RELATION BETWEEN SHEAR AND SLIP FOR AL1 AND AL2
along the seam for the two specimens at loads of 500 000 and 400 000
lb., respectively. The average slip on the two outside rows of rivets
was 0.0002 and 0.0005 in. for AL1 and AL2 at a load of 434 600 lb.,
corresponding to a unit shear on 3 4 -in. rivets of 12 000 lb. per sq. in.
For specimens AB1 and AB2 the slip was measured along four
transverse sections, one through each of the outer rows of rivets and
one through each of the two rows adjacent to the middle of the speci-
men. At the latter, the slip between the main plate and each of the
butt plates was measured separately. The holes for measuring the
slip can be seen in Figs. 29 and 30. Figures 43 to 45 show that the
slip was not consistently greater on the outer than on the inner row of
rivets. Slip was first detected at a load of 400 000 lb. for both AB1
and AB2.
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Average S/1/ Across P/late
FIG. 45. RELATION BETWEEN SHEAR AND SLIP FOR AB1 AND AB2
The average slip on the two outside rows of rivets was 0.0021 and
0.0004 in. for AB1 and AB2 at a load of 671 460 lb., corresponding to
a unit shear on 7%-in. rivets of 12 000 lb. per sq. in.
For specimens BB1 and BB2 the slip was measured along four
transverse sections, one through each of the outer rows of rivets and
one through each of the two rows adjacent to the middle of the speci-
men. At the latter, the slip between the main plate and each of the
butt straps was measured separately. The holes for measuring the
slip can be seen in Figs. 27 and 28. Figures 46 to 48 show that the
slip was not consistently greater on the outer than on the inner row
of rivets. Slip was first detected at a load of 500 000 lb. for both
BB1 and BB2.
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FIG. 48. RELATION BETWEEN SHEAR AND SLIP FOR BB1 AND BB2
The average slip on the two outside rows of rivets was 0.0002 and
0.0002 in. for BB1 and BB2 at a load of 519 000 lb. corresponding to
a unit shear on /3 -in. rivets of 12 000 lb. per sq. in.
These tests apparently indicate that a measurable slip occurred at
a stress considerably below that for which rivets in tanks are designed
for the specimens of the 1928 series, but that for those of the 1930
series appreciable slip began at a stress about equal to the design
stress. The slip for the outer row of rivets was not consistently
greater than for the inner row. For all specimens of the 1930 series,
the slip was smaller at the ends than at the middle of the seam al-
though the strain in the plate was uniform across the specimen.
For the 1928 series the slip was quite uniform along the seam.
TESTS OF JOINTS IN WIDE PLATES
FIc. 49. COMBINATION WELDED AND RIVETED LAP JOINTS, SAA
AND SAB, 1928 SERIES
9. Strength of Welds.-Two specimens having welded lap joints
and two combination weld-and-riveted lap joints were tested in the
1928 series. The specimens have the same general dimensions as
those shown in Fig. 6. The section at the middle is 2012 in. x M in.
and the rivets have a nominal diameter of 3 in. Figures 49 and 50
show the specimens after failure. The results of the tests are given
in Table 10. The failure of the rivets to add materially to the strength
of the joint consisting of both welds and rivets is attributed to the
fact that the weld is much more rigid than the rivets, so that the two
did not act together.
Two wide specimens of the 1930 series contained welded butt
joints. The plates were 64 in. x %8 in. Figures 51 and 52 show the
specimens after failure. In preparing the plate for welding the ends
were machined to a bevel of 60 degrees and a backing strip was used.
After the bead had been run the backing strip and the bead were
chipped flush with the plate so that the section through the weld was
the same as through the original section of the plate. The weld was
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FIG. 50. WELDED LAP JOINT SCB, 1928 SERIES
TABLE 10
STRENGTH OF WELDED LAP JOINTS, 1928 SERIES
Ultimate Strength
Specimen Kind of Ultimate Load in of Control Efficiency* Manner of
Number Joint Strength lb. per in. Specimens of Joint Failure
lb. length of bead lb. per sq. in. per cent
SAA ..... Rivet and 451 600 22 030 52 192 84.42 Plate tore outside
Weld of joint
SAB ...... Rivet and 420 000 20 490 51 761 79.16 Weld failed
Weld
SAC ..... Rivet and 454 000 22 150 51 879 85.38 Weld failed, fol-
Weld lowed by plate
Average. 441 867 21 550 51 944 82.99
SCA...... Weld 428 000 20 880 57 277 72.85 Weld tore
SCB...... Weld 401 000 19 560 50 908 76.85 Weld tore
SCC...... Weld 426 000 20 780 54 393 76.41 Weld sheared
from plate
Average. 418 33 20 450 54 193 75.37
*Efficiency of joint is ratio of actual strength to product of area of gross section and unit strength
of control specimens.
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FIG. 51. WELDED BUTT JOINT AW1, 1930 SERIES
FIG. 52. WELDED BUTT JOINT AW2, 1930 SERIES
made with a hand-operated electric arc, and a coated* rod was used.
Control specimens were obtained similar to those for AB1, shown
in Fig. 26. The ultimate strength for the two specimens was
2 050 000 and 2 100 000 lb., respectively. Specimen AW1 broke
outside of the weld and AW2 in the weld, although the latter devel-
oped a higher stress than the former. The efficiencies for the two
specimens were 96.4 and 99.4 per cent, values that compared favor-
*A "coated rod" as the term is used in this bulletin is a rod having a composition such
that an inert gas is developed when the rod is melted which is supposed to protect the molten
metal from oxidation. Rods having a coating that serves as a flux are not "coated rods" im
the sense in which the term is used in this bulletin.
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FIG. 53. PARENT PLATE AND WELDED LAP JOINTS FOR 11/2-IN.
SPECIMENS, 1930 SERIES
FIG. 54. WELDED LAP JOINTS AFTER FAILURE
ably with the efficiencies of wide plates of from 85 to 98 per cent,
given in Table 2. The width of the specimens decreased from 64 in.
to 60Y in. for AW1 and to 612 in. for AW2. The curvature of the
edge, originally straight, is apparent in Figs. 51 and 52.
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FIG. 55. RIVETED DIAGONAL JOINT
Specimens containing welded lap joints in plates 11Y2 in. x Y8 in.
were included in the 1930 series. These plates were welded in the
vertical position to simulate the field conditions encountered in as-
sembling a tank. Figure 53 shows the dimensions of the specimens
and also the parent plate for these specimens. The plates Al and A2
are full width control specimens. Control specimens 112 in. wide were
cut, one each, from CA1, CA2, CB1, CB2, CC1, and CC2. The
results of the tests are given in Table 11. The specimens having a
transverse weld developed 92.74 per cent of the strength of the wide
plate without joint whereas the specimens having a diagonal weld
developed 99.90 per cent of the strength of the continuous plate.
Figure 54 shows the specimens after failure.
The difference between the efficiencies of the joints reported in
Tables 10 and 11 is attributed to the development in the art of
welding during the period between the dates when the two series of
tests were made, particularly to the development in the shop where
these specimens were made. There was some development in appa-
ratus and in welding rods but of considerably more importance was
the development of experience and skill on the part of the welder.
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FIGa. 56. RIVETED DIAGONAL JOINT AFTER FAILURE
The quality of hand welding must of necessity depend primarily
upon the skill and integrity of the workman. The quality of weld
made by one workman is no indication of the quality of weld that
will be made by another workman using the same rod and the
same apparatus.
10. Strength of Diagonal Joints.-Two types of specimens con-
tained diagonal joints, one type was a welded lap joint and the other
a riveted lap joint. The strength of the welded joint is given in
Table 11. It developed an efficiency, based on the strength of a plate
similar to the one welded, of 99.90 per cent.
The riveted joint was 11/1 in. x %3 in. and had two diagonal rows
of V4 -in. rivets as shown in Fig. 55. The rivets were so located that
there were not more than two on any transverse section. Besides the
riveted joints there were two control plates 111 in. wide without
joints and three standard tension control specimens 1%1 in. wide.
The location of the various specimens in the parent plate is shown in
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TABLE 12
STRENGTH OF RIVETED DIAGONAL JOINTS, 1930 SERIES
Ultimate
Specimen Kind of Specimen Strength Remarks
Number lb. per sq. in.
1, 2, 3.............. Standard tension speci- 56 300 Reduction of area 66.1 per cent;
mens 1 -in. wide elongation in 8-in., 31.8 per cent
P1 A............... ll%-in. plate, no joint 54 000
P1 B ............... 1~%-in. plate, no joint 53 750 Reduction of area 52.40 per cent
Average ........... 53 875
P2 A............... Riveted diagonal joint 48 400* Diagonal tear along rivet row
P2 B ............... Riveted diagonal joint 48 450* Diagonal tear along rivet row
Average ........... 48 425
*Based on transverse section with two 1•is-in. holes out.
Fig. 55. The appearance of the specimens after failure is shown in
Fig. 56.
The results of the tests are given in Table 12. The efficiency of
the joints was 89.88 per cent based on the 11 2 -in. control specimens
and 86.00 per cent based on the standard tension control specimen.
This latter is comparable with an efficiency of about 76 per cent
which, according to the tests of Section 6, is what can reasonably be
expected from a transverse. lap joint in a %8-in. plate using 34 -in.
rivets. The diagonal seam is longer than the transverse seam, making
a longer joint to caulk, but no more rivets or lap of plate is required,
since the transverse joint has three rows of rivets whereas the
diagonal one has only two rows.
11. Effect of Arc Welding upon the Strength of Plates.-Tests were
made of standard tension specimens cut from the wide plates AW1,
AB2, BB2, and AL1 of the 1930 series to determine the effect upon
the main plate of the weld by which the side plates are attached.
Figure 57a shows the location of the specimens in the parent plate,
57b shows the position of the weld, and 57c the finished specimen.
The physical properties of the portion of the parent plate not in
contact with the weld are given in Table 7.
The results of the tests are given in Table 13. The fact that
all specimens broke two inches or more from the weld, indicates that
welding the side plates to the main plate did not injure the latter.
12. Strength of Field Welds.-
1931 Series-Uncoated Rods
Joints of four wide plates were welded under field conditions
encountered in the erection of storage tanks for oil and water.
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FIG. 57. SPECIMENS FOR DETERMINING EFFECT OF ARC WELDING
UPON STRENGTH OF PLATE
TABLE 13
EFFECT OF ARC WELDING UPON STRENGTH OF PLATE
Strength of Welded Specimen
lb. per sq. in.
Specimen
Number
Yield Ultimate
Point Strength
AWl 1........... 30 070 52 800
2........... 30 250 53 800
3........... 29 100 52 550
Average... 29 810 53 050
AB2 1. ........... 32 500 62 200
2........... 35 100 67 000
3. .......... 33 700 63 300
Average... 33 770 64 170
BB2 1........... 35 750 64 200
2........... 35 750 64 750
3........... 34 900 64 100
Average... 35 470 64 350
AL1 1........... 31 900 58 200
2. .......... 33 700 60 100
3........... 32 800 57 900
Average... 32 600 58 730
Strength of Control Specimen
lb. per sq. in.
(See Table 7)
Yield Ultimate
Point Strength
27 760 53 290
39 940 64 880
32 290 64 580
36"i40 58'850
I I
,B 1 ,
Remarks
All
specimens
failed
two inches
or more
from the
weld
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FIG. 58. PARENT PLATE AND DETAILS OF SPECIMENS FOR FIELD WELD TESTS
The plates for each specimen had a section 72 in. x Y in. Two
specimens were butt and two were lap joints. All specimens were
hand welded with the plates in a vertical position and so placed
that the bead was vertical. A different workman welded each
specimen, using an uncoated* weld rod. The position of the main
plates and of the control specimens in the parent plate as well
as the details of the two types of field welds, are shown in Fig. 58
The physical properties of the material as obtained from control spe-
cimen are given in Table 14.
The results of the tests are given in Table 15. Both butt welds
failed in the weld, the efficiency of B1 being 80.31 per cent and of B2,
72.78 per cent. Of the two lap welds, Al failed by tearing the plate
*See note bottom of page 57.
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TABLE 14
PHYSICAL PROPERTIES OF MATERIAL FOR FIELD WELDS
Specimen
Number
A 1..............
A 2..............
B 1..............
B 2..............
AW 1...........
1932
AW 2...........
1932
XY 1...........
XY 2...........
M N 1...........
M N 2...........
OP 1 ............
OP 2............
Control
Specimen
1 ............
2 ............
Average....
1 ............
2 ............
Average....
1............
2 ............
Average....
1 ............
2 ............
Average....
Average of 4..
Average of 4..
Average of 4..
Average of 4..
Average of 4..
Average of 4..
Average of 4..
Average of 4..
Yield
Point
lb. per sq. in.
35 640
34 460
35 050
31 880
31 040
31 460
35 920
35 530
35 730
34 800
34 870
34 840
36 100
36 100
30 100
30 000
29 900
30 600
29 900
30 400
Ultimate
Strength
lb. per sq. in.
65 250
64 000
64 310
58 450
58 330
58 390
66 900
66 770
66 890
65 710
65 800
65 760
59 900
59 500
56 800
56 900
56 900
57 100
56 900
57 100
Elongation
in 8 inches
per cent
28.13
26.75
27.44
29.63
30.00
29.82
25.37
22.75
24.06
26.63
25.25
25.94
31.8
32.4
32.3
31.7
31.3
30.5
32.2
31.7
about 20 inches from the weld as shown in Fig. 59. This wide plate
had an efficiency of 86.08 per cent, based upon the strength of the
control specimens 11Y in. wide. Specimen A2 failed at the weld but
the failure was due to tearing of the plate rather than to a failure in
the weld. The failure was unusual in that for a portion of the joint it
followed one weld and for the remaining portion it followed the other.
A piece about 212 in. wide and 6 in. long tore free and fell out of the
main plate leaving a hole as shown in Fig. 60. This specimen
developed an efficiency of 94.11 per cent.
The contraction in width of specimen Al is shown in Fig. 59 by
the space between the edge of the plate and the steel bar touching the
edge of the plate at the ends.
1932 Series-Coated Rods
A second series of field-welded specimens were tested in 1932. This
series included two specimens each of four types. Two specimens,
MN1 and MN2, consisted of a lap joint, connecting two plates
64 in. x 1/2 in., the joint being similar to that in specimen Al shown in
Reduction
of Area
per cent
51.72
52.01
51.87
54.20
55.36
54.78
51.84
53.35
52.60
53.45
50.53
51.99
64.7
63.3
63.5
60.9
61.8
61.4
61.4
60.2
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FIG. 59. FIELD-WELDED LAP JOINT Al AFTER FAILURE
FIG. 60. FIELD-WELDED LAP JOINT A2 AFTER FAILURE
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Fig. 58, except that the plates were lapped 2% in.; two specimens,
XY1 and XY2, consisted of a butt joint like B1 and B2, Fig. 58, con-
necting two plates 64 in. x % in.; two specimens, AW1-1932 and
AW2-1932, contained the special lap joint shown in Fig. 61a con-
necting two plates 64 in. x % in.; and two specimens, OP1 and OP2,
contained the special lap joint shown in Fig. 61b connecting two
plates 64 in. x % in. All specimens except OP1 and OP2 were welded
with the plates in a vertical position and so placed that the joint was
vertical. The bead, however, was laid back and forth across the
joint so that the pull on the specimen was parallel to the line of the
bead. All joints were hand welded with a coated* rod. The position
of the main plates and of the control specimens in the parent plate
are similar to those for the 1930 series, shown in Fig. 26. The physi-
cal properties of the material as obtained from control specimens are
given in Table 14.
The results of the tests are given in Table 15. Both butt welds,
XY1 and XY2, failed by tearing the plate near the junction with the
side reinforcing plates where the specimen is connected to the pulling
clevis. The failure is similar to the failure of 293C shown in Fig. 16.
These specimens developed efficiencies of 89.0 and 92.4 per cent, com-
parable with the efficiencies of wide plates without joints given in
Table 2.
Both plain lap welds having a continuous bead along each edge,
MN1 and MN2, failed by tearing the plate. For MN1 the tear fol-
lowed the weld for nearly the full length of the joint, for MN2 the
tear followed the weld for about one-third of the width of speci-
men and then extended into the plate away from the weld. These
specimens developed efficiencies of 91.3 and 95.7 per cent, respectively.
The two specimens, AW1-1932 and AW2-1932, containing lap
welds having a continuous bead on one side and stitch-beads on the
other, failed in the same manner. The plate first tore around the
stitch-weld and then along the continuous bead as indicated in Fig.
61a. These specimens developed efficiencies of 87.4 and 79.6 per cent,
respectively.
The two lap welds for which one edge was scalloped and the other
straight, and which were welded on the scalloped edge only, specimens
OP1 and OP2, both failed by tearing the plate on a transverse sec-
tion tangent to the waved bead as shown in Fig. 61b. These plates
developed efficiencies of 81.5 and 83.6 per cent, respectively.
Although all specimens failed by tearing the plates, the efficiency of
*See note bottom of page 57.
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the joints was less than 100 per cent. The plain lap-welded joints,
MN1 and MN2, and the butt-welded joints, XY1 and XY2, developed
efficiencies nearly equal to the efficiency of wide plates without joints
given in Table 2. The lap-welded joints were slightly stronger than
the butt-welded ones. The restraint to lateral flow offered by the joint
probably caused the plates to fail at a load somewhat lower than the
load which would have been carried by a similar wide plate without
joint.
The greater strength developed by the field welds of the 1932
series over that developed by the similar field welds of the 1931
series is attributed to the difference in the weld rods used in the two
series, the 1931 series having been welded with an uncoated rod and
the 1932 series with a coated rod, both rods being manufactured by the
same company.
IV. SUMMARY
13. Summary.-The tests reported in this bulletin apparently
justify the following conclusions:
(1) Continuous wide plates without joints (those tested were
20 in. x /1 in., 40 in. x % in., and 64 in. x % in.) may be expected to
develop a unit stress equal to approximately 90 per cent of the unit
strength of control specimens (tension specimens, 112 in. wide).
Two of the fifteen plates tested developed a unit stress less than
86 per cent of the strength of the control specimens.
(2) Double-riveted and quadruple-riveted lap joints having the
same rivet spacing in all rows developed a unit stress on the net
section equal to or slightly greater than the unit strength of the
control specimens. Triple-riveted double-strap butt joints developed
a unit stress on the net section just slightly less, about 2 per cent, than
the unit strength of the control specimens. Quadruple-riveted
double-strap butt joints developed about 95 per cent of the strength
of the control specimens on the net section.
(3) Omitting rivets from the outside rows of a joint does not
increase the actual efficiency as much as the theoretical.
(4) The ultimate unit strength in shear developed by the rivets in
the large groups of the specimens of the 1930 series, when based on
the nominal diameter of the rivets, exceeds slightly the strength
developed by undriven rivets tested separately; but when the unit
strength developed by the rivets of the specimens is based on a diam-
eter equal to the diameter of the rivet hole, it is somewhat less than
the strength developed by undriven rivets. The rivets in the lap
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joints were as strong, relative to the corresponding undriven rivets,
as those in the butt joints.
(5) The bend in lap joints begins to increase rapidly at a unit
stress in the plate considerably below the usual value of the design
stress. For caulked joints, this bending of the plate caused the
caulked joint to open at a unit stress on the net section considerably
smaller than the usual design stress. The unit ultimate strength of
the net section of plates in lap joints was equal to the strength of
the 1Y2-in. control specimens.
(6) The two welded butt joints in plates 64 in. x %8 in. developed
as great a strength as similar continuous plates without joints.
(7) Welding side plates onto the main plate of the specimens did
not weaken the main plate at the section where the weld occurred.
(8) Of the welded lap joints in plates 11/1x in. by /% in., welded
with the plates in a vertical position, the two with transverse welds
developed 90 per cent and the two with diagonal welds developed
100 per cent of the strength of 111Y in. x %• in. continuous plates
without joints cut from the same parent plate as the pieces used for
the welded specimens.
(9) Of the field welds made with the bead in the vertical position,
the two butt joints welded with an uncoated rod failed by breaking the
weld, the efficiencies being 80.31 and 72.78 per cent, respectively; the
two butt joints welded with a coated rod failed by tearing the plate,
the efficiencies being 89.0 and 92.4 per cent, respectively. Of the lap
joints with continuous welds, the two welded with an uncoated rod both
failed by tearing the plate, one tearing at the weld and the other 20
inches from the weld. The efficiencies of the two specimens were 86.08
and 94.11 per cent, respectively. The two welded with a coated rod
both failed by tearing the plate at the weld, the efficiencies being
91.3 and 95.7 per cent, respectively.
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